Background {#Sec1}
==========

Breast cancer (BC) is the most common cancer in women worldwide, and 70% of BC is estrogen receptor α (ER-α) positive \[[@CR1], [@CR2]\]. Estrogen plays an important role in BC development and progression, mostly through binding and activating nuclear transcription factors (ER-α and ER-β) to induce or repress gene expression \[[@CR3]--[@CR5]\]. Previous studies documented that ER-α, a major subtype of ER, has great potential to be involved in the control of BC cell proliferation, invasion and apoptosis \[[@CR6], [@CR7]\]. Classically, ER-α is thought to function as a ligand-activated transcription factor which modulates gene expression and estrogen-induced biological functions by interacting with estrogen response elements in the promoter region of target genes. ER-α-positive BC patients can be treated by hormonal therapy such as tamoxifen, but the acquired resistance becomes one of the major obstacles in clinical treatment \[[@CR8]\]. However, the underlying mechanisms of acquired resistance to hormonal therapy have not been fully elucidated, which has already become a difficult challenge to BC therapy. Therefore, it is critical to further understand new molecular mechanisms of ER-α in mediating estrogen-induced tumor progression to develop potential new therapeutic strategies in BC.

MiRNAs are small (18--23 nucleotides), endogenous noncoding RNAs that post-transcriptionally regulate gene expression by targeting the 3′-untranslated region (3′-UTR) of mRNAs \[[@CR9], [@CR10]\]. Aberrant expression levels of miRNAs have been reported to be associated with malignant phenotype in various types of cancers including BC \[[@CR11], [@CR12]\]. Recently, accumulating evidence showed that except for protein-coding genes, ER regulates the expression levels of miRNAs in response to its ligand estrogen \[[@CR13], [@CR14]\]. It is reported that estradiol (E2), a common estrogen, regulates miR-155 expression in an ER-α dependent manner in MCF-7 cells, which represses TP53INP1, cleaved-caspase-3, − 8, − 9, and p21 expression \[[@CR15]\]. Meanwhile, some miRNAs are suppressed by E2, and might be involved in the tumor response to hormonal therapy \[[@CR16]\]. Our previous studies showed that the expression levels of miR-196a were elevated upon E2 treatment in ER positive BC cells, indicating the involvement of miR-196a in estrogen-induced BC development \[[@CR17]\]. It has been reported that miR-196a is significantly up-regulated in BC to regulate cell growth by targeting UBE2C \[[@CR18]\] as an oncomiR \[[@CR19]\]. Recent study also indicates that miR-196a is correlated with estrogen \[[@CR20]\], however, the role and underlying mechanism of estrogen/miR-196a signaling in regulating BC progression remains to be further elucidated.

Sprouty-related EVH1 domain-containing protein 1 (SPRED1) which contains three functional domains EVH1 (N-terminal Enabled/VASP homology1), SPR (Sprouty-related) and KBD (C-Kit binding domain), is widely known as a tumor suppressor. Expression levels of SPRED1 were demonstrated to be down-regulated in hepatocellular carcinoma (HCC) and overexpression of SPRED1 inhibited HCC proliferation, migration and invasion \[[@CR21]\]. They further identified that SPRED1 acted as a physiological inhibitor of Ras/Raf-1/ERK pathway and reduced the expression levels of the secretion of matrix metalloproteinase-9 (MMP-9) and MMP-2. SPRED1 was demonstrated to be expressed specifically in the luminal epithelial cells of breast ducts, and the expression levels were reduced consistently in BC. Furthermore, the down-regulation of SPRED1 promoted the proliferation of BC \[[@CR22]\]. However, little is known about the correlation and regulation between SPRED1 and estrogen signal pathway.

In this study, we identified miR-196a as an estrogen-induced miRNA in an ER-α dependent manner in BC. Meanwhile, we discovered that SPRED1 was one of direct targets of miR-196a which is also responsive to ER-a signaling. Herein we address several important questions: i) what is(are) the change(s) of miR-196a expression upon estrogen treatment in BC cells; ii) what is underlying mechanism of the estrogen-regulated miR-196a expression in ER+ BC cells; iii) what is/are functional target(s) of the miRNA-196a that may be associated with estrogen-induced BC progression. The answers to these questions would provide new insights into a better understanding of the role of estrogen/miR-196a signal in BC development, which is helpful to provide a potential therapeutic strategy to overcome resistance to hormonal treatment in the future.

Methods {#Sec2}
=======

Human tissue samples {#Sec3}
--------------------

Human BC samples and adjacent normal tissues were obtained from patients in the First affiliated hospital of Nanjing Medical University. Tissue samples were collected at surgery, immediately frozen in liquid nitrogen and stored until total RNAs and proteins were extracted. All experiments were approved by the ethics committee of Nanjing Medical University.

Cell culture and reagents {#Sec4}
-------------------------

Human breast cancer cell lines (MCF7 and MDA-MB-231) were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/mL penicillin and 100 ng/mL streptomycin. Human embryonic kidney 293 T (HEK-293 T) cells were maintained in DMEM supplemented with 10% FBS, penicillin (100 U/ml), streptomycin (100 ng/ml) and glutamine (2 mmol/mL). All cell lines were maintained in a 37 °C incubator with 5% CO~2~. Prior to the treatment with estradiol (17β-estradiol, E2; Sigma-Aldrich Ltd.), ethanol solvent (Eth, used as negative control), cells were maintained for 3 days in DMEM without phenol red (Gibco) supplemented with 10% double charcoal--stripped FBS (Gibco) and pen/strep at 37 °C with 5% CO~2~. On the day of treatment, media were switched to DMEM without phenol red (Gibco) supplemented with 10% FBS (Gibco), 100 U/mL penicillin and 100 μg/mL streptomycin. Antibodies against SPRED1 and phosphorylated (p-) ERK1/2 were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against GAPDH and c-Raf were from Bioworld Technology (Atlanta, Georgia 30,305, USA).

Lentiviral packaging and stable cell line establishment {#Sec5}
-------------------------------------------------------

Lentiviruses carrying miR-196a, miRNA-negative control (miR-NC), miR-196a inhibitor (anti-miR-196a) or miRNA inhibitor-negative control (anti-miR-NC) were packaged using lentiviral packaging kit in HEK-293 T cells following the manufacturer's instructions (Open Biosystems, AL, USA). The lentiviral vector carrying miR-196a or miR-NC has red fluorescent protein (RFP) tag and the lentiviral vector carrying miR-196a inhibitor or miR-NC inhibitor has red fluorescent protein (RFP) tag, which can be used to check the efficiency of packaging using microscope. MCF7 or MDA-MB-231 cells were transduced by lentiviral soup and selected by puromycin to establish stable cell lines \[[@CR23]\].

Isolation of RNA, reverse transcription PCR and quantitative real-time PCR analysis {#Sec6}
-----------------------------------------------------------------------------------

Total RNAs were extracted from cultured cells or human tissues with TRIzol reagent according to the manufacturer's instruction (Invitrogen). The RNAs were reversely transcribed using the PrimeScript RT Reagent Kit (Takara, Japan). The housekeeping gene GAPDH was used as an internal control. The primers were as follows: SPRED1 forward primer, 5'-GAGGGAGTGGACTAAGCAGC-3′; SPRED1 reverse primer, 5′-CCTCTATCAAAAGCCCTAGCATC-3′; GAPDH forward primer, 5′-CCACCCATGGCAAATTCCATGGCA-3′; GAPDH reverse primer, 5′-TCTAGACGGCAGGTCAGGTCCACC -3′. To measure the expression levels of miR-196a, the stem-loop specific primer method was used as previously described \[[@CR24], [@CR25]\]. Quantitative reverse transcriptase (qRT) PCR primers were the following: miR-196a RT primer, 5′- GTCAGAAGGAATGATGCACAGCCAACAACA-3′; miR-196a PCR primers, sense: 5′-ACCTGCGTAGGTAGTTTCATGT-3′; antisense: 5′-CGTCAGAAGGAATGATGCACAG-3′. U6 RT primer: 5′-AACGCTTCACGAATTTGCGT-3′; U6 PCR primers sense: 5′-CTCGCTTCGGCAGCACA-3′; antisense: 5′-TGGTGTCGTGGAGTCG-3′. Quantitative RT-PCR was performed using SYBR Premix Dimer Eraser (Vazyme Biotech co.,ltd, China) on a 7900HT system. GAPDH or U6 levels were used as an internal control, and fold changes were calculated by relative quantification (2^--ΔΔCt^).

Luciferase reporter assay {#Sec7}
-------------------------

The 3′-UTR-luciferase reporter constructs containing the 3′-UTR region of SPRED1 with the wild-type and mutant binding sites of miR-196a were amplified using PCR method. The PCR products were cloned into the pmirGLO vector (Promega) between SacI and XhoI sites, immediately downstream of the luciferase gene. The mutant 3′-UTR constructs were made by introducing four mismatch mutations into the putative seed regions of SPRED1. All the constructs containing 3′-UTR region inserts were sequenced and validated. 293 T cells (1.0 × 10^5^/well) were seeded in 24-well plates. After 24 h, cells were co-transfected with either wild-type (WT) or mutant-type (mut) luciferase reporter plasmid, and equal amounts of miR-196a or miR-NC using Lipofectamine 2000 (Invitrogen) according the manufacturer's instruction. Luciferase activities were measured 24 h after transfection using the Dual Luciferase Reporter Assay System (Promega). Experiments were performed in triplicate with three independent replicates.

The pGL3-luciferase reporters were cloned as above with wild type (WT) or mutant (mut) miR-196a promoter region in the MCS. MCF7 and MDA-MB-231 cells were pretreated with estrogen free medium and were seeded in 24-well plates. After 24 h, cells were co-transfected with either wild-type (WT) or mutant-type (mut) luciferase reporter plasmid, pRL-TK plasmid, and were treated with 10 nM E2 or equal volume Eth. Luciferase activities were measured 24 h after transfection.

Protein extraction and immunoblotting {#Sec8}
-------------------------------------

Cells or tissues grounded in liquid nitrogen were lysed on ice for 30 min in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 100 mM Tris, pH 8.0, 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 1% sodium deoxycholate, 5 mM EDTA, and 10 mM NaF) supplemented with 1 mM sodium vanadate, 2 mM aprotinin, 2 mM leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, and 2 mM pepstatin A. The lysates were centrifugated at 12,000 rpm at 4 °C for 15 min, the supernatants were collected, and protein concentrations were determined using bicinchoninic acid assay. Protein extracts were separated by SDS--polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes in transfer buffer (20 mM Tris, 150 mM glycine, 20% \[volume/volume\] methanol). Membranes were blocked with 5% nonfat dry milk for 2 h, then incubated with primary antibodies (SPRED1, Abcam, Cambridge, MA, USA; GAPDH, Proteintech Technology, Chicago, IL, USA; c-Raf, Cell Signaling Technology, Inc., Danvers, MA, USA; p-ERK1/2, Cell Signaling Technology, Inc., Danvers, MA, USA). The protein bands were probed with secondary antibody, and visualized with the electrochemiluminescence detection system (Thermo Scientific, Rockford, IL, USA).

Cell proliferation assay {#Sec9}
------------------------

Cells in the logarithmic phase of growth were seeded at 3000/well, and cultured in 96-well plates. Cell proliferation was assayed using the Cell-Counting Kit 8 (CCK8; Dojindo Laboratories) according to the manufacturer's instructions at the indicated time points. Three independent experiments were performed in triplicate \[[@CR26]\].

Wound healing assay {#Sec10}
-------------------

Cells were cultured until they reach 90% confluence in 6-well plates. Cell layers were scratched using a 10 μL tip to form wounded gaps, washed with PBS twice and cultured. The wounded gaps were photographed at different time points and analyzed by measuring the distance of migrating cells from five different areas for each wound \[[@CR27]\].

Invasion assays {#Sec11}
---------------

Cell invasion was determined using 24-well invasion chambers with Matrigel (Becton Dickinson) according to the manufacturer's instruction. Cells (5 × 10^4^/well) were seeded in the upper well of the invasion chamber in DMEM without serum. The lower chamber well contained DMEM supplemented with 10% FBS to stimulate cell invasion. After incubation for 24 h, non-invaded cells were removed from the top well with a cotton swab, while the bottom cells were fixed with 3% paraformaldehyde, stained with 0.1% crystal violet, and photographed in 3 independent 10× fields for each well. Membrane was air-dried and soaked for 15 min at room temperature with 33% acetic acid decolorization (200 μL/well). The destained solution was transferred to 96-well plates, and the absorbance value was read at 570 nm. Three independent experiments were conducted in triplicate \[[@CR28]\].

GSEA {#Sec12}
----

The BRCA TCGA dataset was downloaded and re-analyzed to get miRNAs, mRNAs and clinical data for each BC patient. The dataset was split into two groups (hsa-miR-196a high expression group and hsa-miR-196a low expression group) based on the expression levels of miR-196a, and the GSEA program was employed to analyze the enrichment of each group to the gene sets DOANE BREAST CANCER CLASSES UP and DOANE BREAST CANCER ESR1 DN \[[@CR29], [@CR30]\].

ChIP-seq re-analysis {#Sec13}
--------------------

The Chip-seq primary data (GSE25021) were downloaded from GEO database. This dataset is to analyze the change of the binding enriched binding abilities of ER-α with miR-196a in its promoter region using ER-α antibody for chromatin immunoprecipitation with E2 or Eth treatment. The SRA data were changed to fastq format by sratoolkit.2.6.3 software and analyzed the quality by fastqc software. The fastq format data were map to the genome bowtie2 software, after which were call peaks by MAC2 software. The results were visualized by IGV.

ESR1 signatures {#Sec14}
---------------

The ESR1 signatures were analyzed using the gene set (C2 CGP; DOANE_BREAST_CANCER_CLASSES_UP) form Molecular Signatures Database in MSigDB. TCGA BRCA data were downloaded and were analyzed the ESR1 signatures by the methods described before \[[@CR31], [@CR32]\].

ChIP assay {#Sec15}
----------

The sequence of miR-196a promoter was obtained from the UCSC Genome Database. Analysis of putative transcription factor binding sites on hsa-miR-196a-1 promoter was performed using JASPAR. The ChIP assay was performed using the ChIP Assay Kit (Beyotime, China). MCF7 and MDA-MB-231 cells treated with E2 or ethanol, then lysed using SDS lysis buffer. Total DNAs in the cells were sheared by sonication. Protein-DNA complexes were precipitated by control immunoglobulin G and anti-ER-α antibody respectively, followed by eluting the complex from the antibody. PCR analysis was carried out with primers specific for miR-196a.

Tumorigenesis in nude mice {#Sec16}
--------------------------

Male nude mice (BALB/c-null, 6-week-old) were purchased from Shanghai Laboratory Animal Center (Chinese Academy of Sciences, Shanghai, China), and bred in special pathogen-free (SPF) condition. All studies were approved by the Institutional Committee on Animal Care of Nanjing Medical University. For tumor growth assay, MCF7 cells stably expressing miR-196a, miR-NC, anti-miR-196a or anti-miR-NC were injected subcutaneously into both flanks of nude mice (8 mice each group, 5 × 10^6^ cells in 100 μl serum-free DMEM medium). Tumor sizes were measured using vernier caliper every two days when the tumors were visible. Tumor volumes were calculated according to the formula: volume = 0.5 × Length×Width^2^. Mice were sacrificed 17 days after implantation, and tumors were dissected. Total proteins were extracted for Western blot analysis to test specific protein expression levels. Tumors were formalin-fixed, paraffin-embedded, sectioned at 5 μm and stained using CD31 (Abcam) and Ki67 (Abcam) antibody under the standard procedure as we previously described \[[@CR33]\].

Statistical analysis {#Sec17}
--------------------

Data in the present study were represented as means ± SD from at least three independent experiments except those specifically indicated. Student's unpaired *t* test was used for comparison between two groups. Data were analyzed using GraphPad Prism 5 (La Jolla). For human tissue samples, SPRED1 expression levels in adjacent normal and BC tissues were explored by Student's paired *t* test. SPRED1 levels in ERα-positive and negative groups were analyzed using Student's unpaired *t* test. Values were considered significantly different at *P \<* 0.05.

Results {#Sec18}
=======

MiR-196a is up-regulated in human BC, especially in ER+ tumor tissues {#Sec19}
---------------------------------------------------------------------

High levels of miR-196a have been reported in various solid cancers including BC \[[@CR18], [@CR34]\]. However, there is still lack of study about the differential expression of miR-196a in ER+ and ER- BC tumor tissues. Quantitative reverse-transcriptase PCR (qRT-PCR) assay showed that in 46 pairs of human breast tissue samples, the expression levels of miR-196a in BC tumor tissues were significantly higher than those in the adjacent normal tissues (Fig. [1a](#Fig1){ref-type="fig"}). Similarly, the independent BC gene expression data sets (GSE2669) from public database GEO showed that miR-196a expression levels were significantly up-regulated in BC tissues (Fig. [1b](#Fig1){ref-type="fig"}). Next, we analyzed the expression levels of miR-196a in our ER+ and ER- BC specimens, and the results demonstrated that miR-196a expression levels were significantly higher in ER+ BC tissues than those in ER- group (Fig. [1c](#Fig1){ref-type="fig"}). Meanwhile, analysis of the GEO datasets, a database repository of high throughput gene expression data containing miRNA expression profiling for cohorts of ER-- and ER+ breast cancers, also showed the similar results (Fig. [1d](#Fig1){ref-type="fig"}, Additional file [1](#MOESM1){ref-type="media"}: Figure S1). In addition, high expression levels of miR-196a indicated poor OS prognosis in ER+ BC patients, but not in ER- BC patients which implicated importance of miR-196a in ER+ BC (Fig. [1e](#Fig1){ref-type="fig"} and [f](#Fig1){ref-type="fig"}). These results demonstrate that miR-196a expression levels are correlated with not only BC malignancy, but also ER status of tumors, indicating that miR-196a may be regulated by estrogen receptor in BC development.Fig. 1MiR-196a is up-regulated in human BC, especially in ER+ tumor tissues. **a** The expression levels of miR-196a in 46 paired of BC and adjacent normal tissues were analyzed by qRT-PCR and normalized to U6 expression levels. Student's *t*-test was used to analyze the difference between the non-tumor tissues and BC group. \*\* indicates significant difference at *P \<* 0.01. **b** The miR-196a expression levels of normal adjacent breast tissues and BC tissues were analyzed in the BC database of the public GEO dataset (GSE40525). \*\* indicates significant difference at *P \<* 0.01. **c** The relative miR-196a expression levels of BC tumors were analyzed according to ER status (ER-negative, *n* = 17; ER-positive, *n* = 29). Data were presented as mean from three independent experiments with triple replicates per experiment. \*\* indicates significant difference at *P \<* 0.01. **d** Different GEO dataset GSE22220 was used to analysis the expression levels of miR-196a in ER-negative or ER-positive tissues. \* indicates significant difference at *P \<* 0.05. **e**, **f** The Kaplan Meier plotter was used to detect the overall survival (OS) of miR-196a in ER+ and ER- BC patients, respectively

Silence of miR-196a reverses the tumor-promoting effects of E2 in ER+ BC cells {#Sec20}
------------------------------------------------------------------------------

As widely reported, estrogens stimulate the proliferation and metastatic potential of BC cells. In our study,we also observed that E2 treatment increased tumor growth in ER+ MCF7 BC cells, but not in ER- MDA-MB-231 cells (Additional file [2](#MOESM2){ref-type="media"}: Figure S2 A-D). To evaluate the role of miR-196a in estrogen (E2)-mediated BC development, we first determined whether E2-regulated miR-196 affects BC development. MCF7 and MDA-MB-231 cells were transfected with anti-miR-196a inhibitor or anti-miR-NC, then treated with or without E2. Although anti-miR-196a inhibitor reduced cell proliferation in both MCF7 and MDA-MB-231 cells without E2 stimulation, the anti-miR-196a inhibitor reversed the E2-promoted cell proliferation of only the ER+ BC cells MCF7, but not of ER- BC cells MDA-MB-231 (Fig. [2a](#Fig2){ref-type="fig"} and [b](#Fig2){ref-type="fig"}). Similarly, interference of miR-196a attenuated E2-induced migration and invasion in MCF7 cells, but not in MDA-MB-231 cells (Fig. [2c](#Fig2){ref-type="fig"}-[f](#Fig2){ref-type="fig"}). These results indicate that miR-196a is required for E2-induced ER+ BC progression such as cell proliferation, migration and invasion.Fig. 2Silence of miR-196a reverses the tumor-promoting effects of E2 in ER+ BC cells. ER+ BC cells MCF7 and ER- BC cells MDA-MB-231 were cultured with estrogen-free medium for 72 h before treatment. The cells were transfected with the inhibitor (Anti-miR-196a) or control anti-sense RNA inhibitor (Anti-miR-NC). **a**, **b** These cells were seeded at 3000 cells/well in 96-well plates, then treated with 10 nM estradiol (E2) or ethyl alcohol (Eth). Cell Counting Kit-8 (CCK-8) Kit was used to detect cell vitality every 24 h. Data were presented as the means± SD from three independent experiments. \*\* indicates significant difference between Anti-miR-NC with E2 treatment (Anti-miR-196a + Eth) group and Anti-miR-NC without E2 treatment (Anti-miR-NC + Eth) group. \$\$ indicates significant difference between Anti-miR-196a + Eth group and Anti-miR-NC + Eth group. \#\# indicates significant difference between Anti-miR-196a + E2 group and Anti-miR-NC + E2 group. **c**, **d** The cells above were used to perform wound healing assay to analyze the ability of cell migration. \*\* indicates significant difference between indicated groups. **e**, **f** The cells above were used to perform Matrigel invasion assay using 10 mice per treatment. \*\* indicated significant difference between indicated groups

miR-196a expression is induced by E2, and miR-196a is a gene signature associated with ER-α {#Sec21}
-------------------------------------------------------------------------------------------

Previous studies have shown that estrogen is an important factor in BC by regulating gene expression including miRNAs, and our results also indicate the ER signal pathway participates in the abnormal expression of miR-196a in ER+ BC cells. To explore the relationship between ER signal pathway and miR-196a, we further investigated whether estrogen was involved in regulation of miR-196a levels. The results showed that E2 markedly induced miR-196a expression in a time-dependent manner in MCF7 cells, but not in MDA-MB-231 cells (Fig. [3a](#Fig3){ref-type="fig"} and [b](#Fig3){ref-type="fig"}). We also observed the expression levels of miR-196b, the other member of miR-196 family, showed no significant change (Additional file [3](#MOESM3){ref-type="media"}: Figure S3). It has been shown that estrogen mediates its effects by binding to its receptors. To further confirm whether the effect of estrogen is through its receptors ER-α and/or ER-β, we found that E2 treatment promoted miR-196a expression. ER-α, but not ER-β knockdown significantly decreased miR-196a expression only in MCF7 cells with or without E2 treatment, indicating that ER-α, but not ER-β, is necessary for E2-induced miR-196a expression in ER+ BC cells (Fig. [3c](#Fig3){ref-type="fig"} and [d](#Fig3){ref-type="fig"}; Additional file [4](#MOESM4){ref-type="media"}: Figure S4 A and B). To evaluate the relationship between miR-196a and ER-α expression levels, we downloaded BRCA TCGA mRNAs and miRNAs expression dataset and divided the samples into miR-196a high and miR-196a low expression groups. ER-α is encoded by ESR1 gene. We analyzed ESR1 signal enrichment scores in each group using GSEA program. The results showed that miR-196a high expression group was enriched in DOANE BREAST CANCER ESR1 UP dataset (NES = 2.03, FDR q = 0.002), whereas miR-196a low expression group was enriched in DOANE BREAST CANCER ESR1 DOWN dataset (NES = − 2.12, FDR q \< 0.001), confirming the positive correlation between miR-196a and ER-α expression levels (Fig. [3e](#Fig3){ref-type="fig"} and [f](#Fig3){ref-type="fig"}). In addition, we calculated the ESR1 signature scores of BRCA TCGA samples in DOANE BREAST CANCER ESR1 UP dataset and divided the samples into high and low ER-α signature scores groups. We then analyzed the expression levels of miR-196a in the two groups, and the results showed that the expression levels of miR-196a in high ER-α signature scores group was more than those in low ER-α signature scores group (Fig. [3g](#Fig3){ref-type="fig"}). Furthermore, we tested the Pearson's correlation between miR-196a expression levels and ER-α signature scores. In addition, we found that the expression levels of miR-196a in the ER+ tumors with the E2 treatment were higher than in the Eth group, however, there were no significant difference in ER- tumors (Additional file [2](#MOESM2){ref-type="media"}: Figure S2 E and F). The results showed that miR-196a expression levels were positively correlated to ESR1 signature scores, and there was a positive correlation between miR-196a and ER-α expression levels (Fig. [3h](#Fig3){ref-type="fig"}; Additional file [5](#MOESM5){ref-type="media"}: Figure S5). Overall, these results indicate that miR-196a expression levels were induced by E2 in ER+ BC cells and were closely correlated with ER-α signaling.Fig. 3miR-196a expression is induced by E2 and miR-196a is a gene signature associated to ER-α. **a**, **b** ER+ BC cells MCF7 and ER- BC cells MDA-MB-231 were cultured with estrogen-free medium for 72 h, then treated with 10 nM E2 or equal amount of solvent Eth for 0, 3, 6, 12 or 24 h. The expression levels of miR-196a were analyzed by qRT-PCR and normalized to the values of the Eth control. U6 levels were used as an internal control. Data were presented as means ± SD from three independent experiments with triple replicates per experiment. \* and \*\* indicate significant difference compared to the 0 h group at *P \<* 0.05 and *P \<* 0.01, respectively. **c**, **d** Cells were treated as above, then transfected with 50 nM ERα siRNAs, ERβ siRNAs or negative control siRNAs (siNC). After 24 h, the cells were treated with 10 nM E2 or Eth, the expression levels of miR-196a were analyzed by qRT-PCR and U6 levels were used an internal control, and normalized to the value of siNC+Eth group. \*\* indicates significant difference between the siNC+Eth group and the siERα+Eth group at *P \<* 0.01. \#\# indicates significant difference between the siNC+E2 and the siERα+E2 group and at *P \<* 0.01. **e**, **f** GSEA program were employed to analyze the ERα signal enrichment scores between miR-196a high and low expression group using the TCGA BRCA dataset. **g** Primary human breast cancers of TCGA BRCA dataset were classified to high or low ERα signature score group, and the expression levels of miR-196a were analyzed in the two groups. The details were described in methods and materials. \*\* indicates significant difference between ERα signature high score and low score group. **h** Pearson's correlation analysis was used to determine the correlation between the expression levels of ERα (ESR1 signature score) and miR-196a expression levels

Estrogen promotes the binding of ER-α in the miR-196a promoter region in ER+ BC cells {#Sec22}
-------------------------------------------------------------------------------------

It has long been known that ER-α is considered to act as a ligand-activated transcription factor, but its function remains elusive. As the data shown above, miR-196a expression levels were mediated by ER-α signal pathway. Therefore, we further analyzed whether ER-α transcriptionally regulates miR-196a expression by binding to the promoter region of miR-196a. First, analysis of the primary ChIP-seq data (GSE25021) from GEO database using MCF7 cells with E2 and vehicle control (ethanol, Eth) treatment showed that there was significant ER-α enrichment signal in the promotor region of miR-196a upon E2 treatment, indicating that the induction of miR-196a by E2 might be through the enriched binding abilities of ER-α in the miR-196a promoter region (Fig. [4a](#Fig4){ref-type="fig"}). Next, we downloaded the sequence from the binding peak and predicted the potential seed binding sequence of ER-α by transcription factor binding profile database JASPAR, and there was indeed seed region matching the ER-α binding model in miR-196a promoter region (Fig. [4b](#Fig4){ref-type="fig"}). To validate the enrichment of ER-α in the promoter region of miR-196a induced by E2, we performed ChIP assay to analyze the binding enrichment of ER-α in the seed region with or without E2 treatment in MCF7 and MDA-MB-231 cells. As we expected, the enrichment of the ER-α in miR-196a upstream was only significantly upregulated upon E2 treatment in ER+ BC cells (Fig. [4c](#Fig4){ref-type="fig"} and [d](#Fig4){ref-type="fig"}). Furthermore, to evaluate whether the ER-α binding site plays biological roles in transcriptional activation of miR-196a response to E2 stimulation, we constructed the pGL3 luciferase reporter vectors containing wild type or mutant type with mutation of seed sequence of the ER-α binding site in miR-196a promoter region, then tested luciferase activities of BC cells with or without E2 treatment. The results showed that E2 promoted the transcriptional activity of miR-196a only in MCF7 cells, but not in MDA-MB-231 cells (Fig. [4e](#Fig4){ref-type="fig"} and [f](#Fig4){ref-type="fig"}). These results demonstrate that estrogen induces miR-196a transcriptional activation by promoting the binding of ER-α in miR-196a promoter region in ER+ BC cells.Fig. 4Estrogen promotes the binding of ER-α in the miR-196a promoter region in ER+ BC cells. **a** GEO dataset GSE25021 was reanalyzed to identify the binding sites and enrichment intensity of ERα in the promoter region of miR-196a, and the call peaks results were displayed by IGV. **b** The JASPAR program was employed to seek the seed binding sites of ERα in the promoter region of miR-196a. **c**, **d** The MCF7 and MDA-MB-231 cells were cultured with estrogen-free medium for 72 h t, then treated with 10 nM E2 or equal amount of solvent ethyl alcohol (Eth) for 24 h. The ChIP assay was performed to determine the binding sites of ERα in the promoter region of miR-196a. The enrichment of miR-196a in cell lysates pulled down by ERα antibody was analyzed by qRT-PCR and normalized to the value of ERα + Eth group. \*\* indicates significant difference at *P \<* 0.01. **e**, **f** The wild type (AATGTCAGGACGGTCTT) or mutant (ACTCTAAGGACCGCCCT) seed binding site of miR-196a promoter region was subcloned into pGL3 luciferase reporter vector and verified by sequencing. The cells were pretreated as above, transfected with the wild type or mutant reporter construct, pRL-TK plasmid, and treated with Eth or E2. After 24 h, the dual-luciferase assay was performed to analyze the luciferase activities of each group. \*\* indicates significant difference at *P \<* 0.01

MiR-196a directly targets and inhibits SPRED1 {#Sec23}
---------------------------------------------

To further understand molecular mechanisms by which miR-196a exhibits its biological effects on BC cells, several computational methods (TargetScan, miRWalk 2.0, miRBase) were used to identify potential miR-196a targets. Among the candidates, we found that seed sequence of miR-196a matched 3′-UTR region of SPRED1 (Fig. [5a](#Fig5){ref-type="fig"}). To test whether miR-196a targets SPRED1, SPRED1 3′-UTR containing this seed sequence was cloned into pmirGLO vector (WT). Overexpression of miR-196a in HEK-293 T cells decreased luciferase activities of wild type reporter to 45%, suggesting that miR-196a inhibits its 3′-UTR reporter activities of SPRED1. To test whether miR-196a specifically inhibits the activity by binding its seed sequence, we also made mutant construct with the mutation of miR-196a-binding site in the 3′-UTR of SPRED1 (Mut). Forced expression of miR-196a did not affect the transcriptional activation of mutant SPRED1 3′-UTR reporter activity (Fig. [5b](#Fig5){ref-type="fig"}), indicating that miR-196a directly targets SPRED1 by binding to its seed sequence at 3'-UTR. In addition, overexpression of miR-196a in MCF7 and MDA-MB-231 cells significantly suppressed SPRED1 protein expression levels, whereas anti-miR-196a inhibitor increased SPRED1 expression, demonstrating that SPRED1 is a direct target of miR-196a in BC cells (Fig. [5c](#Fig5){ref-type="fig"}). SPRED1 is considered to act as a negative regulator of the RAS/RAF/MAPK signaling \[[@CR35], [@CR36]\], we found that consistent with decreased SPRED1 expression, miR-196a overexpressing cells had high c-Raf and p-ERK1/2 levels, whereas anti-miR-196a inhibitor treatment significantly decreased c-Raf and p-ERK1/2 levels (Fig. [5c](#Fig5){ref-type="fig"}, Additional file [6](#MOESM6){ref-type="media"}: Figure S6). These results indicate that miR-196a could activate the RAS/RAF/MAPK signaling through targeting SPRED1.Fig. 5MiR-196a directly targets and inhibits SPRED1. **a** Putative seed-matching sites (in bold) or mutant sites (red) between miR-196a and 3'-UTR of SPRED1 were analyzed by TargetScan, miRWalk 2.0 and miRBase. **b** The wild type (WT) and mutant (mut) SPRED1 3′-UTR reporter constructs were made and verified by sequencing. Luciferase reporter assay was performed using 293 T cells to detect the relative luciferase activities of WT and mut SPRED1 reporters. Renilla luciferase vector was used as an internal control. Data were presented as the means ± SD from three independent experiments with quadruple replicates per experiment. \*\* indicates significant difference compared to the control at *P \<* 0.01. **c** Protein expression levels of SPRED1, c-Raf, pERK1/2 and GAPDH were determined using Western blot analysis in MCF7 and MDA-MB-231 cells overexpressing miR-196a, miR-NC or anti-miR-196a inhibitor and anti-miR-NC. **d** The expression levels of SPRED1 in adjacent normal tissues and human BC specimens were determined by qRT-PCR, and the fold changes were obtained by the ratio of SPRED1 to GAPDH levels. \*\* indicates significant difference compared to the normal tissues *P \<* 0.01. **e** Pearson's correlation analysis was used to determine the correlation between the expression levels of SRED1 and miR-196a in human BC specimens (*n* = 46). **f** GEO dataset GSE22220 was used to analyze the Pearson's correlation between miR-196a and SPRED1 levels

To further identify the relationship between miR-196a and SPRED1 expression, we analyzed the expression levels of SPRED1 in human BC specimens by qRT-PCR and in the GEO dataset GSE22220. The results showed that compared to the paired adjacent normal tissues, BC tissues (*n* = 46) showed significantly lower levels of SPRED1 (Fig. [5d](#Fig5){ref-type="fig"}). Meanwhile, Pearson's rank correlation analysis showed an inverse correlation between the expression levels of SPRED1 and miR-196a in human BC specimens (Pearson's correlation *r* = − 0.3811, Fig. [5e](#Fig5){ref-type="fig"}). We also used the publicly available datasets GEO dataset GSE22220 to validate our results (Pearson's correlation *r* = − 0.1812, Fig. [5f](#Fig5){ref-type="fig"}). Finally, in order to address whether overexpression of SPRED1 inhibits miR-196a-inducing malignant phenotypes miR-196a overexpressing cells were transfected with pCMV expression vector containing SPRED1 cDNA without 3′-UTR region or vector alone as negative control and used to investigate cell proliferation, migration and invasion. The results showed that overexpression of SPRED1 can restore the miR-196a-promoted cell proliferation, migration and invasion in BC cells (Additional file [7](#MOESM7){ref-type="media"}: Figure S7 A-H). Collectively, these results suggest that miR-196a/SPRED1 signaling was involved in regulating BC development through MAPK signaling, especially in ER-positive BC.

SPRED1 is down-regulated by E2 and negatively correlated to ER status in BC cells {#Sec24}
---------------------------------------------------------------------------------

The results above showed that miR-196a expression levels were induced by E2 in ER+ BC cells and SPRED1 was the direct target of miR-196a. Therefore, we further analyzed whether SRPED1 was inducted by ER signal pathway. First, we tested the expression levels of SPRED1 according to ER status in clinical BC samples, and found out that SPRED1 expression levels were significant down-regulated in ER+ specimens compared to ER- specimens in both our BC samples and GEO dataset GSE22220 (Fig. [6a](#Fig6){ref-type="fig"} and [b](#Fig6){ref-type="fig"}). Furthermore, E2 treatment decreased SPRED1 expression in MCF7 cells in a time-dependent manner, whereas E2 did not change SPRED1 levels in MDA-MB-231 cells (Fig. [6c](#Fig6){ref-type="fig"} and [d](#Fig6){ref-type="fig"}). However, we demonstrated that there were no changes of the other reported targets of miR-196a such as HOXA5, HOXA7, HOXB8, HOXC8, HOXD8, ANXA1, NME4 and ZEB1 upon E2 treatment (Additional file [8](#MOESM8){ref-type="media"}: Figure S8 A and B). In addition, we knocked down the expression levels of ER-α or ER-β using siRNAs and tested SPRED1 expression with or without E2 treatment. The results illuminated that SPRED1 expression levels were decreased upon E2 treatment, and ER-α, but not ER-β inhibition dramatically reversed SPRED1 levels regardless the presence of E2 in ER+ BC cells (Fig. [6e](#Fig6){ref-type="fig"} and [f](#Fig6){ref-type="fig"}). We also observed that SPRED1 expression levels were down-regulated in ESR1 high signature scores group in TCGA dataset (Fig. [6g](#Fig6){ref-type="fig"}) and there was a negative correlation between ESR1 signature score and SPRED1 expression levels (Fig. [6h](#Fig6){ref-type="fig"}, Additional file [9](#MOESM9){ref-type="media"}: Figure S9). Consistently, low expression levels of SPRED1 indicated poor prognosis of ER + BC patients instead of ER- patients (Fig. [6i](#Fig6){ref-type="fig"} and [j](#Fig6){ref-type="fig"}). Besides, results of tumorigenesis in nude mice showed that E2 repressed the expression levels of SPRED1 only in ER+ BC cells, while SPRED1 was suppressed by overexpression of miR-196a in both MCF7 and MDA-MB-231 cells (Additional file [2](#MOESM2){ref-type="media"}: Figure S2G and H). In summary, our results demonstrate that ER+ BC shows lower expression levels of SPRED1, and E2 treatment down-regulates SPRED1 expression, which is mediated by ER-α in ER+ BC cells.Fig. 6SPRED1 is down-regulated by E2 and negatively correlated to ER status in BC cells. **a** The expression levels of SPRED1 in 46 ER+ and ER- BC tissues were analyzed by qRT-PCR and normalized to GAPDH expression levels. \*\* indicates significant difference compared to normal tissues at *P \<* 0.01. **b** GEO2R dataset GSE22220 was used to analyze the expression levels of SPRED1 in ER-negative or ER-positive tissues. \*\* indicates significant difference between ER-negative and ER-positive tumors at *P \<* 0.01. **c**, **d** ER+ BC cells MCF7 and ER- BC cells MDA-MB-231 were cultured with estrogen-free medium for 72 h, then treated with 10 nM E2 or equal amount of solvent Eth. The expression levels of SPRED1 were analyzed using qRT-PCR, and normalized to the values of the Eth control. Data were presented as the means ± SD from three independent experiments with triple replicates per experiment. \*\* indicates significant difference compared to the 0 h group at *P \<* 0.01. **e**, **f** Cells were treated as above, then transfected with 50 nM ERα siRNAs, ERβ siRNAs or negative control siRNAs (siNC). After 24 h, the cells were treated with 10 nM E2 or Eth, the expression levels of SPRED1 were analyzed using qRT-PCR, and normalized to the value of siNC+Eth group. \*\* indicates significant difference between siNC+Eth and siERα+Eth group at *P \<* 0.01. \#\# indicates significant difference between siNC+E2 and siERα+E2 group at *P \<* 0.01. **g** Primary human breast cancers of TCGA BRCA dataset were classified to high or low ESR1 signature score group, and the expression levels of SPRED1 were analyzed in these two groups. The details were described in methods. \*\* indicates significant difference between low ESR1 signature score group and high ESR1 signature group. **h** Pearson's correlation analysis was used to determine the correlation between the expression levels of ESR1 signature score and SPRED1 expression levels. **i**, **j** The Kaplan Meier plotter was used to detect the relapse free survival (RFS) of SPRED1 in ER+ and ER- BC patients, respectively

MiR-196a induces tumor growth in vivo {#Sec25}
-------------------------------------

In order to further investigate the effect of miR-196a on BC tumorigenesis, MCF7 cells were infected with lentivirus carrying miR-196a or anti-miR-196a inhibitor, followed by the selection of puromycin. Stable cell lines expressing miR-NC or miR-NC inhibitor (anti-miR-NC) were also established as controls. Cells were injected subcutaneously into both flanks of nude mice, and tumor sizes were measured after one week. Compared with control group, the overexpression of miR-196a significantly promoted tumor growth, whereas miR-196a inhibitor markedly attenuated tumor growth (Fig. [7a](#Fig7){ref-type="fig"}). After 17 days, the xenografts were trimmed out and weighed. As shown in Fig. [7b](#Fig7){ref-type="fig"} and [c](#Fig7){ref-type="fig"}, miR-196a overexpression significantly increased tumor size and weight, which were inhibited by anti-miR-196a inhibitor compared to anti-miR-NC group. Furthermore, the protein levels of SPRED1 in xenografts from miR-196a-expressing cells were much lower than those from miR-NC control cells, confirming the negative correlation between miR-196a and SPRED1 in vivo (Fig. [7d](#Fig7){ref-type="fig"}). Moreover, the tumors from miR-196a-overexpressing MCF7 cells showed increased number of CD31 positive microvessels and higher expression levels of Ki67 by IHC staining, whereas the tumors from anti-miR-196a inhibitor group showed decreased microvessel densities and Ki67 expression levels compared to controls (Fig. [7e](#Fig7){ref-type="fig"} and [f](#Fig7){ref-type="fig"}; Additional file [10](#MOESM10){ref-type="media"}: Figure S10). These results suggest that ER-regulated miR-196a enhances tumor growth and angiogenesis which is associated with its reduced expression of target SPRED1 in vivo.Fig. 7MiR-196a induces tumor growth in vivo. **a** MCF7/miR-196a, MCF7/miR-NC, MCF7/anti-miR-196a, or MCF7/anti-miR-NC cells (5 × 10^6^cells) were dispersed in 100 μl of serum-free DMEM medium and subcutaneously injected into the both sides of posterior flank of female nude mice (*n* = 8). Tumors growth was measured every two days after the tumors were detected in 7 days and the tumor volumes were calculated using the following formula: volume = 0.5 × Length × Width^2^. \*\* indicates significant difference compared to miR-NC group at *P \<* 0.01; \#\# indicates significant difference compared to anti-miR-NC group at *P \<* 0.01. **b** The representative pictures of trimmed tumors (Bar = 10 mm). **c** The tumors were excised and weighed after 17 days. Data were presented as the means± SD from all tumors. \*\* indicates significant difference compared to miR-NC group at *P \<* 0.01. \#\# indicates significant difference compared to Anti-miR-NC group at *P \<* 0.01. **d** The total proteins were extracted from xenografts and subjected to Western blot analysis for SPRED1 expression. GAPDH expression level was served as an internal control. **e**, **f** The expression of CD31 and Ki67 were analyzed in tumor tissues by immunohistochemistry (bar = 50 μm). \*\* indicates significant difference compared to the miR-NC group at *P \<* 0.01; \#\# indicates significant difference compared to the anti-miR-NC group at *P \<* 0.01

Discussion {#Sec26}
==========

Estrogen plays an important role in the development and progression of BC, more than two-thirds of breast tumors express ER that are prone to exhibit resistance to endocrine therapy \[[@CR37], [@CR38]\]. In the present study, we are interested in role and mechanism of ER--regulated miR-196a and its target in BC development. Although miR-196a has been reported to be involved in various types cancers including head and neck cancer, gastric cancer, ovarian carcinoma and BC \[[@CR39]--[@CR42]\]; there is no information about the underlying mechanisms of estrogen-regulated miR-196a in BC progression. We demonstrated that miR-196a expression levels were higher in the ER+ BC tissues compared to ER- tissues, which was consistent with the results from GSE22220 dataset showing the noteworthy correlation between miR-196a levels and ER status in BC. Some reports have shown that miR-196a participates in the development of BC and acts as an oncogene \[[@CR18], [@CR34], [@CR43]\]. Similarly, we demonstrated that interference of miR-196a attenuated estrogen-induced cell proliferation, migration and invasion in ER+ BC cells, demonstrating an important role of miR-196a in estrogen-promoted BC development. These results indicate that the aberrant expression of miR-196a is correlated to ER signal pathway in BC progression, and miR-196a is potential target in hormone mediated BC development.

Estrogen and miRNA correlation has been explored both for predictive biomarker of development and therapeutic target identification \[[@CR44], [@CR45]\]. It was reported that the tumor suppressor Let-7 targets ER-α \[[@CR46], [@CR47]\]. Several reports have demonstrated that estrogen regulates microRNA processing and expression at post-transcriptional level \[[@CR48], [@CR49]\]. For example, miR-760 and miR-424 were down-regulated, whereas miR-618, miR-570, and miR-107 were up-regulated upon the E2 stimulation \[[@CR50]\]. Estrogen mediated the activation of miR-191/425 cluster in ER positive BC cells \[[@CR51]\]. Our results demonstrated that miR-196a was significantly increased with the E2 treatment in ER-positive cell line MCF7, but not in ER-negative cell line MDA-MB-231. ER is composed of two subunits ER-α and ERβ, which contain three functional domains: NH2-terminal domain (NTD); DNA-binding domain (DBD); COOH-terminal ligand-binding domain (LBD), nevertheless, they share little common sequence. Classically, ER-α is thought to interact with estrogen response elements (EREs) in the promoter regions of the regulated genes and act as a ligand-activated transcription factor, and mediate the transcription of the target genes \[[@CR52]\]. It has been reported that ER-β also has extensive roles in mediating gene expression including equilibrating ER-α signal pathway, but its function remains elusive \[[@CR53]\]. Our results showed that ER-α, but not ER-β, was involved in mediating miR-196a expression by ER activation, which was a novel mechanism of regulation. To better understand the mechanism of estrogen-induced miR-196a up-regulation, we re-analyzed the ChIP-seq data from GEO database containing MCF7 ChIP assay results with or without E2 treatment using ER-α antibody. The results elucidated that there was more enrichment in the promoter region of miR-196a by ER-α upon E2 stimulation compared to Eth treatment as solvent control. We further identified the transcriptional regulation of ER-α upon E2 treatment in the promoter region of miR-196a using ChIP assay and promoter reporter assay in MCF7 and MDA-MB-231 cells. The results validated that ER+ MCF7 cells, but not ER- MDA-MB-231 cells, showed stronger affinity of ER-α with the ERE in miR-196a promoter region upon E2 treatment when compared to Eth control. We also observed the positive correlation between miR-196a and ER-α expression levels using GSEA assay showing that miR-196a expression levels were positively correlated to ER-α signatures scores and ER-α expression levels in BC specimens. Additionally, we found that ER-α responsive miR-196a still expressed in ER- breast cancer cells, which is independent of ER signal pathway and consistent to previous studies \[[@CR54], [@CR55]\]. However, the mechanism of the miR-196a regulation in ER- BC cells remain unknown which would need further study. Thus, we demonstrated that E2 promoted the binding of ER-α to the specific ERE sites in the promoter of miR-196a to regulate its expression in ER+ BC cell.

Previous reports have demonstrated several miR-196 targets, including HOX family (A5/A7/B8/C8/D8), AnnexinA1, NME4, ZEB1 \[[@CR56]\] and we found there were no significant changes of these miR-196 targets upon E2 treatment in MCF7 cells. To identify the direct target(s) of miR-196a regulated by E2, we used the bioinformatic programs and verified that SPRED1 was a novel target of E2-promoted miR-196a. SPRED1 is a member of the sprouty and sprouty-related protein family as a negative regulator of growth factor signaling \[[@CR57]\]. Meanwhile, SPRED1 functions by forming a complex with Raf and inhibits activation of ERK pathway \[[@CR21]\]. SPRED1 also suppresses cell proliferation and migration in various tumors \[[@CR21], [@CR58]\]. In our study, we confirmed the negative correlation between miR-196a and SPRED1 expression levels in both BC cells and BC tumor tissues. We further verified that SPRED1 was a direct target of miR-196 and it played pivotal roles in miR-196a promoted BC cell proliferation, migration and invasion by inhibiting c-Raf signal pathway. Furthermore, we found that SPRED1 expression was negatively correlative to estrogen signal pathway, and ER-α recovered SPRED1 expression in ER+ BC cells. In addition, we also analyzed the expression levels of several miRNAs that were reported to be involved in regulation of SPRED1, and found that E2 stimulation did not significantly change their expression levels. Consequently, our results suggest that miR-196a and its target SPRED1 play an important role in estrogen-mediated BC progression, which may be helpful to provide new therapeutic target for ER+ BC in the future.

Overall, our findings show the novel role and mechanism of estrogen/miR-196a/SPRED1 signaling in the estrogen-induced BC development. These new results may provide potential clinical application for BC diagnosis or as new therapeutic target(s) in the future.

Conclusions {#Sec27}
===========

Here, we identified that miR-196a was up-regulated by estrogen in ER positive BC cells and enriched in ER-positive BC tissues. Moreover, estrogen-induced miR-196a was positively correlated with ER-α signature scores and promoted BC development in vitro and in vivo by targeting SPRED1. Furthermore, we demonstrated that miR-196a up-regulation by estrogen was through ERα, but not ERβ. ERα directly bound to the promotor of miR-196a. Thus, our study provides a novel mechanism of estrogen-induced BC development, which may be used as new biomarkers for the diagnosis and treatment of ER-positive BC in the future.
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Additional file 1:**Figure S1.** MiR-196a is up-regulated in ER+ BC tissues. (A, B) Two different GEO2R datasets GSE58215 and GSE40267 were used to analysis the expression levels of miR-196a in ER-negative or ER-positive tissues. \* and \*\* indicate significant difference compared to the 0 h group at *P* \< 0.05 and *P* \< 0.01, respectively. (JPEG 88 kb) Additional file 2:**Figure S2.** Estrogen induces tumor growth of ER+ but ER- BC cells via the regulation of miR-196a. The MCF7 and MDA-MB-231 miR-NC- and miR-196a-overexpressing cells (2 × 10^6^cells) were dispersed in 100 μl of serum-free DMEM medium, and subcutaneously injected into both sides of posterior flank of nude mice. The mice were fed with E2 (0.67 μg/ml) or Eth contained water since the tumors were detected in 7 days (6 mice each group). (A-D) The tumors were excised and weighed after 17 days, and the representative pictures of trimmed tumors were displayed (Bar = 10 mm). Data were presented as the means± SD from all tumor samples. \*\* indicates significant difference at *P* \< 0.01. (E-H) The expression levels miR-196a and SPRED1 from the tumors were analyzed by qRT-PCR and normalized to the values of the Eth + miR-NC group. \*\* indicates significant difference at *P* \< 0.01. (JPEG 444 kb) Additional file 3:**Figure S3.** MiR-196b has no response to E2 treatment in ER+ BC cells. (A) ER+ BC cells MCF7 and ER- BC cells MDA-MB-231 were cultured with estrogen-free medium for 72 h before E2 treatment, then treated with 10 nM E2 or equal amount of solvent Eth as solvent control for 0, 3, 6, 12 or 24 h. The expression levels of miR-196b were analyzed by qRT-PCR and U6 levels were used as internal control, and normalized to the values of the Eth control. Data were presented as the means ± SD from three independent experiments with triple replicates per experiment. \* and \*\* indicate significant difference compared to the 0 h group at *P* \< 0.05 and *P* \< 0.01, respectively. (JPEG 37 kb) Additional file 4:**Figure S4.** The interference effects of siERα and siERβ in BC cells. (A, B) MCF7 and MDA-MB-231 cells were transfected with 50 nM ERα siRNAs, ERβ siRNAs or negative control siRNAs (siNC), respectively. After 48 h, the expression levels of ESR1 or ESR2 were analyzed by qRT-PCR and GAPDH levels were used as an internal control, and normalized to the value of siNC group in each cell line, respectively. \*\* indicates significant difference compared to the siNC group at *P* \< 0.01. (JPEG 73 kb) Additional file 5:**Figure S5.** miR-196a is positively associated with ESR1 expression levels. (A) Pearson's correlation analysis was used to determine the correlation between the expression levels of ERα and miR-196a expression levels. (PNG 58 kb) Additional file 6:**Figure S6.** MiR-196a directly targets and inhibits SPRED1. (A-F) Protein expression levels of SPRED1, c-Raf, pERK1/2 and GAPDH were determined using Western blot analysis in MCF7 and MDA-MB-231 cells overexpressing miR-196a, miR-NC or anti-miR-196a inhibitor and anti-miR-NC. The data were normalized as the ratio of miR-NC group, respectively. \*\*indicated significant difference between indicated groups at *P* \< 0.01. (JPEG 189 kb) Additional file 7:**Figure S7.** SPRED1 reverses miR-196a-induced malignant phenotype of BC cells. MiR-196a- or miR-NC-overexpressing MCF7 cells were transfected with vector or SPRED1 cDNA without 3'-UTR. (A-B) The expression levels of SPRED1, c-Raf, pERK1/2 and GAPDH were determined by Western blot analysis after 48 h of transfection. (C-D) Cell viability was detected using CCK-8 assay. (E-F) Cells were treated and wound healing assay was performed as above. (G-H) Transwell invasion assay was performed as above using control cells and cells overexpressing miR-196a with or without SPRED1 overexpression. Data were presented as the means ± SD from three independent experiments with triple replicates per experiment. \* and \*\* indicate significant difference between the miR-NC + Vector group and the miR-196a + Vector group with *P* \< 0.05 and *P* \< 0.01, respectively. \# and \#\# indicate significant difference between the miR-196a + Vector group and the miR-196a + SPRED1 group with *P* \< 0.05 and *P* \< 0.01, respectively. (JPEG 552 kb) Additional file 8:**Figure S8.** The typical targets of miR-196a shows no change with E2 treatment in ER+ BC cells. (A) The MCF7 cells were cultured with estrogen-free medium for 72 h before E2 treatment, then treated with 10 nM E2. After 24 h, the expression levels of some reported targets of miR-196a were analyzed by qRT-PCR. (B) ER+ BC cells MCF7 were cultured with estrogen-free medium for 72 h, then treated with 10 nM E2 or equal amount of solvent Eth for 24 h. The expression levels of miRNAs which were reported to be involved in regulation of SPRED1 were analyzed by qRT-PCR and normalized to the values of the Eth control. (JPEG 105 kb) Additional file 9:**Figure S9.** The correlation between SPRED1 and ESR1 expression levels. (A) Pearson's correlation analysis was used to determine the correlation between the expression levels of ERα and SPRED1 expression levels. (JPEG 62 kb) Additional file 10:**Figure S10.** The densities of CD31 levels were analyzed in tumor tissues with changes of miR-196a. MCF7/miR-196a, MCF7/miR-NC, MCF7/anti-miR-196a, or MCF7/anti-miR-NC cells were dispersed in 100 μl of serum-free DMEM medium and subcutaneously injected into the sides of posterior flank of nude mice (*n* = 4). The tumors were excised and sent to H&E (bar = 1000 μm) and immunohistochemistry to analyze the expression levels of CD31after 17 days. The densities of CD31 levels were quantified by ImageJ software, and presented as the means ± SD from 8 tumor tissues. (TIFF 1043 kb)

3′-UTR

:   3′-untranslated regions

BC

:   Breast cancer

BS

:   Binding site

ChIP

:   Chromatin Immunoprecipitation

ChIP-Seq

:   Chromatin Immunoprecipitation Sequencing

E2

:   Estradiol

ER

:   Estrogen receptor

ERE

:   Estrogen response element

ERα

:   Estrogen receptor α

ERβ

:   Estrogen receptor β

GSEA

:   Gene Set Enrichment Analysis

miR-196a

:   microRNA-196a

miRNAs

:   microRNAs

qRT-PCR

:   quantitative real-time PCR

SPRED1

:   Sprouty-related EVH1 domain-containing protein 1

**Electronic supplementary material**

The online version of this article (10.1186/s12943-018-0830-0) contains supplementary material, which is available to authorized users.

Not applicable.

Funding {#FPar1}
=======

This work was supported in part by National Natural Science Foundation of China (81320108019, 81472944, 81772951, 81270736) and China Postdoctoral Science Foundation 2016 M600432; and by National Institutes of Health grants R01ES020868, R01CA193511; and by Huai'an City 533 Excellence Project HAA201742.

Availability of data and materials {#FPar2}
==================================

The dataset supporting the conclusions of this article are included within the article and the public database GEO2R and TCGA.

C-FJ and Z-MS conducted the most experiments; C-FJ, Z-MS and B-HJ prepared the manuscript; other authors performed some experiments for this study. All authors read and approved the final manuscript.

Ethics approval and consent to participate {#FPar3}
==========================================

Human BC samples and adjacent normal tissues were obtained from patients in the First affiliated hospital of Nanjing Medical University. All experiments were approved by the ethics committee of Nanjing Medical University. Female nude mice (BALB/c-null, 6-week-old) were purchased from Shanghai Laboratory Animal Center (Chinese Academy of Sciences, Shanghai, China), and bred in special pathogen-free (SPF) condition. All studies were approved by the Institutional Committee on Animal Care of Nanjing Medical University.

Consent for publication {#FPar4}
=======================

Not applicable.

Competing interests {#FPar5}
===================

The authors declare that they have no competing interests.

Publisher's Note {#FPar6}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
